The reaction of ethyl 2-ethynylphenylcarbamate derivative with alkenes in the presence of a palladium(II) catalyst, copper dichloride and tetrabutylammonium fluoride (TBAF) produced 2-substituted 3-ethenylindoles during refluxing. The intramolecular cyclization reaction of ethyl 2-ethynylphenylcarbamates, which have an ethenyl part in the ethynyl group, was also used to produce carbazole derivatives.
Many synthetic methods for producing the indole structure have been reported.
2) The cyclization of the 2-ethynylanilines is one of the most useful methods for the synthesis of multisubstituted indoles, because 2-ethynylanilines can be easily prepared from 2-haloanilines with terminal acetylenes by the Sonogashira reaction, 3) and many synthetic methods of the 2-haloanilines have been reported. For example, the preparation for 2-haloanilines is easily achieved by the ortho-lithiation of N-protected anilines with alkyllithium. 4) In our previous paper, we reported the tetrabutylammonium fluoride (TBAF)-promoted cyclization of 2-alkynylanilines to prepare the 2-substituted indoles. 5) The method under mild conditions is useful for the synthesis of substituted indoles except for the 3-substituted indoles. On the other hand, we reported the palladium(II) catalyzed cyclization of 2-ethynylanilines in the presence of alkenes to give the 2,3-disubstituted indoles via the Heck reaction of the indolylpalladium intermediate with alkenes (Chart 1). 6) However, this cyclization has the following limitations; 1) the alkenes must have an electron-withdrawing group, and 2) the mesyl group as a protecting group for the primary amino groups of anilines is required for the cyclization.
Moreover, we reported that the palladium-catalyzed crosscoupling reaction of N- (2-iodophenyl) methanesulfonamide with terminal alkynes produced the 2-substituted indoles instead of the corresponding 2-ethynylanilnes. 7) In short, the Sonogashira reaction of N-(2-alkynylphenyl)methanesulfonamides with terminal acetylenes under the general conditions produces the corresponding indoles instead of 2-ethynylanilines, and only the N-(2-alkynylphenyl)methanesulfonamides are available for the palladium-cyclization reaction with the alkenylation reaction under the previously reported conditions. 6) These facts show the limitation of the synthetic route for 2-ethynylanilines as a starting material for the palladium catalyzed cyclization with alkenylation reaction. Based on the background described above, we now report the cyclization reaction of ethyl 2-alkynylphenylcarbamates in the presence of alkenes using a palladium(II) catalyst and TBAF to produce 2,3-disubstituted indoles.
The reaction conditions for the cyclization reaction of alkynylanilines (1) to form 2,3-disubutituted indoles (2) were examined using ethyl 2-phenylethynylphenylcarbamate and methyl acrylate as shown in Table 1 . The amount of TBAF influenced the yields of the cyclization. A stoichiometric amount of TBAF was required (runs 1, 2), but the cyclization reaction under dry conditions using anhydrous CuCl 2 instead of CuCl 2 · H 2 O in dry tetrahydrofuran (THF) occurred with only a low yield (run 8). Differences in the reaction solvent did not significantly influence the yields (runs 4-7). For the cyclization reaction, Cu(OAc) 2 , 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), and pyridine 1-oxide did not work at all as a re-oxidant (runs 9-11). As a result, the reaction using TBAF (1.2 eq), palladium dichloride and CuCl 2 · H 2 O as a re-oxidant in THF at refluxing temperature gave 2a in 64% yield (run 5). The cyclization of 1a with ethyl acrylate under the previous conditions (PdCl 2 , CuCl 2 , K 2 CO 3 and NaOAc in acetonitrile at 50°C) proceeded in only 34% yield. 6) Under the same reaction conditions, the cyclization of various 2-ethynylanilines with alkenes was investigated. As shown in Table 2 , the synthesis of 2-aryl-(e.g., run 2) and 2-alkyl-3-alkenylindoles (run 6) could be achieved in 42-68% using the corresponding alkenes and 2-ethynylanilines, which were prepared by the Sonogashira reaction of the 2-iodoanilines with the terminal alkynes. The cyclization reaction in the presence of alkenes having either an electron-withdrawing (runs 1, 2, 6-11) or electron-donating group (runs 3, 4) occurred. The synthesis of the 2,3-disubstituted indoles with a functional group like cyano (run 8), chloro (runs 7, 9), or methoxy group (run 5) in benzene can be achieved under the same conditions using the corresponding ethynylanilines with the functional groups as the starting materials.
When the reaction of the 2-ethynylaniline derivative with an internal alkene occurs, it can construct another carbocycle. We first tried the cyclization of methyl 8-[2-(ethoxycarbonylamino)phenyl]oct-2-en-7-ynoate (7). According to Grissom's synthetic method, 8) 7 was prepared from ethyl 2-iodophenylcarbamate in 71% overall yield via three steps, i.e., the Sonogashira reaction, the oxidation with pyridinium chlorochromate, and the Horner-Emmons reaction with trimethyl phosphonoacetate as shown in Chart 2. The cyclization reaction of 7 proceeded, but it gave a mixture of the corresponding carbazole (8) and unknown compound, which could not be completely separated by column chromatography. In order to confirm the structure of 8, we tried the deprotection of the N-ethoxycarbonyl group with sodium methoxide in THF to get methyl 2-(1,2,3,4-trihydrocarbazol- 4-ylidene)acetate (9) in 39% yield (2 steps). Compound 9 had an E-configuration in the double bond, which was determined from the nuclear Overhauser effect spectroscopy (NOESY) spectrum. The H-10 (d 6.40) proton of 9 has a NOESY correlation to the H-5 (d 7.90-7.93) proton. We investigated the intramolecular reaction of ethyl 2-[2-(2-propenyl)phenylalkynyl]phenylcarbamate (11) which was also easily prepared by the Sonogashira reaction of 1-bromo-2-(2-propenyl)benzene with a terminal acetylene. We proposed that the alkene moiety in 11 connects to the benzene ring which is an electron withdrawing group, and the carboncarbon bond formation occurred on the terminal carbon atom of the alkene to give 3-methyl-9-ethoxycarbonylbenzo[a]carbazole (12).
The results of this study show that the palladium(II)-catalyzed cyclization reaction of the ethynylphenylcarbamates with TBAF in the presence of not only alkenes with electronwithdrawing groups, but also alkenes such as hexene, gave the corresponding 2,3-disubstituted indoles, and the intramolecular cyclization also gave the corresponding carbazoles, although some problems still remain with respect to the cyclization reaction yields.
Experimental
General All melting points and boiling points are uncorrected. IR spectra were taken on a JASCO IR-810 and Shimadzu FT-IR 8400 spectrophotometer.
1 H-NMR spectra were recorded on Varian Gemini 200 (300 MHz) spectrometers. Chemical shifts are expressed in d (ppm) values with tetramethylsilane (TMS) as the internal reference, and coupling constants are expresses in herts (Hz). Mass spectra (MS) and high resolution mass spectra were recorded on JMS-DX303 and JMS-AX500 instruments. Column chromatography was carried out with silica gel [Silica gel 60 N (Kanto chemical)]
General Procedure A mixture of 2-ethynyl anilines (1 mmol), alkenes (1.5 mmol), PdCl 2 (5 mol%), CuCl 2 · 2H 2 O, 1 M TBAF-THF solution (1.2 ml) and THF (20 ml) was refluxed. Water was added to the mixture and the mixture was extracted with AcOEt. The residue obtained from the extract was purified by silica gel column chromatography. The product was purified by distillation or recrystallization.
Methyl (E)- 6-[(2-Ethoxycarbonylamino)phenyl]hex-5-ynal (6) Pyridinium chlorochromate (6.0 g, 28 mmol) was added to a mixture of 5 (4.0 g, 14 mmol), Celite ® (1.0 g), and CH 2 Cl 2 (50 ml). After stirring for 2 h at room temperature, the mixture was concentrated under reduced pressure. The residue was dissolved to CHCl 3 . The solution was filtered through Celite ® pad and concentrated under reduced pressure. The residue was purified by silica gel column chromatography using AcOEt-hexane (1 : 3) as an eluent. The product was purified by distillation. Pale yellow liquid (3.4 g, 94%) (566 mg, 2.3 mmol) in MeCN (10 ml) was added to the mixture. The mixture was stirred at room temperature for 1 h and concentrated under reduced pressure. Water (100 ml) was added to the residue and extracted with CHCl 3 (100 mlϫ3). The residue obtained from the CHCl 3 extract was purified by silica gel column chromatography using AcOEt-hexane (1 : 3) as an eluent. The product was purified by distillation. Colorless liquid (2.9 g, 79%), bp 162-180°C (45 mmHg Methyl (E)-2-(1,2,3,4-Trihydrocarbazol-4-ylidene)acetate (9) After 7 (510 mg, 1.62 mmol) was dropped into a mixture of PdCl 2 (57 mg, 0.34 mmol), CuCl 2 · 2H 2 O (552 mg, 3.24 mmol), 1 M TABF in THF (1.90 ml, 1.90 mmol), and THF (30 ml) at refluxing temperature during 30 min, the resultant mixture was refluxed for 1 h. The mixture was filtrated and THF was removed under reduced pressure. Water (50 ml) was added to the residue and the mixture was extracted with AcOEt (30 mlϫ3). The AcOEt layer was washed with brine (50 mlϫ2). One molar TBAF in THF (1.80 ml, 1.80 mmol) and THF (30 ml) were added to the residue obtained from the AcOEt extract. After the mixture had been refluxed for 5 h, the mixture was concentrated under reduced pressure. The residue was dissolved with AcOEt (50 ml) and the AcOEt solution was washed with brine (50 mlϫ2). The residue obtained from the AcOEt extract purified by silica gel column chromatography using AcOEt-hexane (1 : 15) as an eluent. The product was purified by recrystallization from acetone-hexane. 
5-Methylbenzo[a]carbazole (13)
A mixture of 14 (100 mg, 0.33 mmol), 3 N KOH (0.17 ml), and methanol (5 ml) was refluxed for 1 h. The methanol was removed under reduced pressure. Water (100 ml) was added to the residue and extracted with CHCl 3 (50 mlϫ3). The residue obtained from the CHCl 3 extract was purified by silica gel column chromatography using AcOEt-hexane (1 : 20) as an eluent. The product was purified by recrystallization from acetone-hexane. Colorless prisms (62 mg, 82% 
